Synthesis of the pol gene products of most retroviruses requires ribosomes to shift frame once or twice in the -1 direction while translating gag-pol mRNA. The viral signals for frameshifting include a heptanucleotide sequence on which the shift occurs and higher-order RNA structure just downstream of the shift site. We have made site-directed mutations in two stems (S1 and S2) of a putative RNA pseudoknot that begins 7 nucleotides 3' of the previously identified shift site (A AAA AAC) in the gag-pro region of mouse mammary tumor virus (MMTV) RNA. The mutants confirm the predicted structure, show that loss of either S1 or S2 impairs frameshifting, and exclude alternative RNA structures as significant for frameshifting. The importance of the MMTV pseudoknot has been further demonstrated by showing that shift sites from two other retroviruses function more efficiently in the position of the MMTV site than in their native contexts. However, the MMTV pseudoknot cannot promote detectable frameshifting in the absence of a recognizable upstream shift site. In addition, the species of tRNA that reads the second codon in the shift site appears to be a critical determinant, since changing the 7th nucleotide in the MMTV gag-pro shift site from C to A, U, or G severely impairs frameshifting.
Ribosomal frameshifting, now recognized as an important means of translational control, produces two or more proteins at fixed ratios from coding domains with a single translation initiation site (1) (2) (3) . Frameshifting in the -1 direction was first observed in vertebrate systems as a mechanism for synthesis of Rous sarcoma virus (RSV) pol gene products (4, 5) , and it is now known to affect expression of a variety of genetic elements, including other retroviruses (6) (7) (8) (9) , coronaviruses (10-13), L-A double-stranded RNA of yeast (14) , bacterial transposons (15, 16) , and a bacterial gene (17) (18) (19) (20) . In addition, some retroviruses, such as the mouse mammary tumor virus (MMTV), require two -1 frameshifts to produce pol proteins (6, 7) .
In all of these cases, frameshifting appears to occur while ribosomes transverse a 7-nucleotide sequence, referred to here as the shift site (see Fig. 1A ). Although different heptanucleotides can serve as shift sites (see Fig. 4 ), almost all conform to the general sequence X XXY YYZ, in which the triplets represent the initial (or 0) reading frame and X may be the same as Y (2, 5) . This arrangement of nucleotides allows the anticodons in both tRNAs to maintain 2 of 3 base pairs after slipping into the -1 frame (5) .
Several kinds of experiments indicate that the shift site is not the sole determinant of frameshifting. MMTV shift sites transposed into a different context, for example, fail to promote frameshifting (6) . RSV mutations that should destabilize a predicted RNA stem-loop downstream from the shift site impair efficiency, and compensatory changes, designed to restore structure without correcting sequence, also restore frameshifting efficiency (5) . The existence of RNA structures more complex than simple stem-loops as frameshift determinants was initially suggested by deletion mutants of RSV that decreased frameshifting by removing sequences immediately 3' of a predicted stem-loop (5) . Mutational studies of infectious avian bronchitis virus (IBV), a coronavirus, were the first to implicate RNA pseudoknots-higher-order structures formed when bases in an RNA loop pair with a sequence outside the loop (21)-as an essential component of frameshifting signals (22) . A role for pseudoknots during frameshifting on retroviral RNAs was then suggested by RNA folding predictions (22, 23) . Nevertheless, experimental evidence for the dependence of -1 frameshifting on pseudoknots has thus far been confined to coronaviruses (22, 24) and yeast double-stranded RNA (14) .
The efficiency of -1 frameshifting on retroviral RNA determines the ratio of gag/pol gene products, a ratio that dramatically affects viral assembly (25) and hence must be rigorously controlled. To look more closely at the factors that regulate frameshift efficiency, we have extended our studies of the gag-pro region of MMTV RNA. This portion of the viral genome directs -1 frameshifting at an especially high rate (-20%), so that adequate synthesis of pol proteins occurs despite a requirement for a second shift of frame (refs. 6 and 7; see also Fig. 1C ). We have made site-directed mutations that define two base-paired stems of a MMTV RNA pseudoknot needed for efficient gag-pro frameshifting, shown that shift sites from other retroviruses can function more efficiently in the context of MMTV RNA than in their native contexts, and used mutations at the 7th nucleotide of the MMTV shift site to suggest that host tRNAs also have a strong influence on frameshifting efficiency.
MATERIALS AND METHODS
Site-Directed Mutagenesis. The Muta-Gene in vitro mutagenesis kit (Bio-Rad) (26) was used according to the manufacturer's instructions. pMGPP, containing the MMTV gag, pro, and pol genes fused to the 5' portion of RSV gag downstream from the SP6 promoter (6), was subcloned into the replicative form of M13mpl8 (27) 
713
The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact.
714
Biochemistry: Chamorro et al.
purified and transcribed by SP6 RNA polymerase, the RNA was translated in rabbit reticulocyte lysates (Promega), and [35S]methionine-labeled proteins were analyzed by polyacrylamide gel electrophoresis as described (4) . The relative amounts of gag translation products were estimated by excising bands, scintillation counting, and correcting for differential methionine content of the products.
RESULTS
Strategy for Analysis of the MMTV gag-pro Frameshift. Ribosomes appear to shift from the gag to the pro frames of MMTV mRNA after decoding an AAC triplet near the end of a 16-nucleotide region in which the gag and pro reading frames overlap (refs. 6 and 8; Fig. 1 B and C) . G+C-rich secondary structures that might be necessary for efficient frameshifting have been predicted to occur in the RNA beginning 7 nucleotides downstream of the shift site (6, 22, 23) The region of an mRNA that promotes frameshifting contains a 7-nucleotide sequence, reading X XXY YYZ in the zero frame, and is followed by higher-order RNA structure, such as an RNA pseudoknot composed of two base-paired stems (S1 and S2) and two connecting loops (L1 and L2). For further description, see text and refs. 2, 21, and 23. (B) The MMTV gag-pro frameshift signals, with the relevant sequence of MMTV RNA, from within the gag-pro overlap to the pro frame. The heptameric shift site is boxed and the gag stop codon is underlined with a heavy line. Shaded bases constitute the paired residues in S1 and the sets of nucleotides with solid overlining or dashed underlining represent residues that could pair to form S2. (C) Strategy for assay of frameshift efficiency. Three overlapping MMTV reading frames-gag, pro, and pol-were cloned downstream of a bacteriophage SP6 promoter (6) and the Bgi II site was used to linearize the plasmid DNA before in vitro transcription. Shown below is the transcript generated by SK RNA polymerase from the cleaved template and the predicted products of translation, with or without -1 frameshift(s), as explained in the text. Bgl 11 loop in Fig. 1B) . Within the loop, however, are nucleotides that could pair with sequences 3' of the base of S1, thereby forming the second stem (S2) of a pseudoknot. Two possible sets of base pairs for S2 are indicated in Fig. 1B ; evidence presented below implicates the overlined nucleotides in the formation of S2.
To assay -1 frameshifting, MMTV RNA synthesized by SP6 RNA polymerase was translated in a rabbit reticulocyte lysate (Fig. 1) . The frequency of gag to pro frameshifting can be calculated from the incorporation of [355] methionine into the 70-kDa gag-pro and the 41-kDa gag proteins; an 82-kDa product of double frameshifting (gag-pro-pol protein) is also evident in the gels.
Destabilizing and Compensatory Mutations of S1 and S2
Demonstrate That an RNA Pseudoknot Promotes gag-pro
Frameshifting. To define the secondary structural components that influence -1 frameshifting on MMTV RNA, we changed several nucleotides in regions predicted to form the 5' and 3' sides of stems; mutants in which stems were expected to be disrupted and those in which stems were expected to be reformed by compensatory base changes were then tested for their ability to direct -1 frameshifting in vitro. When 4 of the 5 nucleotides on either strand of S1 were altered (in PS15 and PS13) to disrupt this stem, the efficiency of frameshifting fell 10-fold, from 20%o to -2% ( Fig. 2A) . Since the sets of changes in these two mutants were all either G to C or C to G, combining the changes should restore base pairing and retain G+C content without restoring the original sequence. With the compensatory mutant PS153, the efficiency of frameshifting was at least half the wild-type level, implying that the predicted S1 normally forms and is required for high-level frameshifting.
Similar effects were observed after changing three G residues to C residues on the 5' side of S2 (PS25), changing three C residues to G residues on the 3' side of S2 (PS23), or combining these changes (PS253) (Fig. 2B) . As in the analysis of S1, the S2 mutations predicted to destabilize the stem reduced frameshifting 10-fold and the compensatory mutations restored activity, here to within 75% of wild-type values.
These results strongly support the conclusion that two stems, S1 and S2, downstream of the MMTV gag-pro shift site are required for efficient frameshifting. The position of these stems is consistent with the proposal that they form part of an RNA pseudoknot. However, the base pairing in S2 might differ from that shown for wild-type RNA in Fig. 2B and still be disrupted in PS25 and PS23 and partially compensated in PS253 by alternative base pairings. We have therefore made two additional mutations, PS253A and PS253B, both by also altering three consecutive G residues to C residues within the run of five G residues in the 3' portion of S2, to determine whether they correct the functional impairment caused by the PS25 mutation in the 5' portion of S2 (Fig. 2C) . Although changing any of the three sets of G residues on the 3' side of S2 in the absence of other mutations markedly diminishes frameshifting, presumably by disrupting S2 (data not shown), only the changes in PS253 restore frameshifting to near normal levels when combined with the PS25 mutation. The other combinations are no more efficient (PS253A) or are only slightly more efficient (PS253B) than either mutation alone. Therefore, versions of S2 other than that shown in Fig. 2B do not seem able to promote frameshifting, although we cannot exclude the possibility that the alternative pseudoknots can form. In similar tests for compensatory changes that correct impaired frameshifting, we have also obtained evidence against the proposal that the G residues now assigned to the 5' strand of 51 are normally paired with the C residues in the 5' strand of S2, while the C residues from S1 are paired with the G residues from S2 (data not shown). 
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From these experiments, we can conclude that efficient MMTV gag-pro frameshifting depends on an RNA pseudoknot in which base pairs are aligned in the manner shown more clearly in Fig. 3. Fig. 3 Upper emphasizes the origins of the components within the RNA chain, and Fig. 3 Lower illustrates how the pseudoknot can form an extended, interrupted coaxial helix crossed by the loops that connect the two components of the helix (21, 23, 28, 29) . It should be noted that we have drawn S2 to include G-U base pairs at both ends; however, the G-U pair at the distal end leaves only a single A residue in the Li loop, which might require two residues to reach across the double helix (23, 24, 28, 29) . It is possible that this G-U pair is not stable or does not form. In addition, the two double helices are separated by a single A residue that would presumably form a bulge in the final structure (see Discussion). MMTV gag-pro Context Improves Frameshifting Efficiency of Other Retroviral Shift Sites. Retroviral frameshifting occurs at frequencies that vary from -3% to 25% (13) . To determine whether the MMTV gag-pro context, with its RNA pseudoknot, might be an especially strong stimulus to frameshifting, we changed the sequence of the MMTV shift site to sequences derived from the IBV shift site (U UUA AAC), the RSV site (A AAU UUA), and the HIV site (U UUU UUA) (Fig. 4) . In its native context, the IBV sequence is at least as efficient as MMTV gag-pro (10, 22) , and it works as well as the MMTV heptamer in the MMTV context. The RSV site is 4-to 5-fold more efficient in the MMTV context than in its native context, suggesting that the position or structure of the MMTV pseudoknot promotes frameshifting more effectively than the incompletely defined structural element downstream of the RSV gag-pol shift site. On the other hand, the RSV site is not as good as the MMTV site in the MMTV context, implying that A AAA AAC is inherently a more efficient shift site than A AAU UUA, in agreement with earlier results (5). The HIV site works as well as the MMTV and IBV sites in the MMTV context and U6-fold better than in its native context, where it appears to function without major dependence on RNA structure (9, 30, 31) . However, in the MMTV context, the augmented frameshift efficiency on the HIV site is strongly affected by stemdestabilizing mutations (data not shown).
Since the MMTV context appears to potentiate frameshifting on a variety of known shift sites, we asked whether it could also induce -1 frameshifting in the absence 'of a recognizable shift site. For this purpose, the MMTV gag-pro shift site was altered to A AAU CGA. Under these conditions, frameshifting was below measurable levels: fewer than 1 ribosome in 500 shifted into the -1 frame (Fig. 4) .
Efficiency of the MMTV gag-pro Shift Site Is Dependent on the tRNA That Decodes the Final -Codon.'Comparisons of -1 shift sites show striking conformity with the generalized sequence X XXY YYZ, preferential use of A add U residues at both the X and Y positions, and only rare exceptionsto the use of AAC or UUA as the YYZ codon (2, 23). It might have been expected that frameshifting would be more efficient if the final (Z) and penultimate (Y) nucleotides were the same, allowing complete maintenance of codonanticodon base pairing in the ribosomal A site after the shift. We have examined this question further by changing the final nucleotide in the MMTV gag-pro shift site from C to each of the three other nucleotides (Fig. 5 ). These mutations have the effect of changing an AAC (asparagine) codon to another asparagine codon, AAU, or to either of two lysine codons, AAA and AAG. Mammalian cells contain cognate tRNAs for each of the lysine codons but only a single tRNAASn species, most of which has a modified base (queosine) in place of G at the wobble position (32, 33) . All three changes cause major reductions in frameshift efficiency, from 20% to 4% for AAU and to 2% for the lysine codons. These findings indicate that the identity of the codon-anticodon pair at the A site, as well as conformity with the X XXY YYZ motif, strongly influences frameshift efficiency. They also reinforce an earlier suggestion (32) that modified bases in the anticodon may affect'frameshifting. DISCUSSION Site-directed mutations in the most efficient of the established retroviral frameshift domains, MMTV gag-pro, have defined a downstream RNA pseudoknot that strongly augments frameshifting and have shown that frameshifting efficiency is also controlled by codon-anticodon interactions between host tRNAs and the second codon in the shift site.
Because the RNA sequence downstream of the MMTV gag-pro shift site is heavily endowed with short runs of G and C residues, it is theoretically possible to fold the RNA in at least three configurations, two ofwhich have previously been proposed to form a MMTV gag-pro pseudoknot (22, 23) . However, we have excluded two structures as significant for frameshifting by our failures to compensate some of the stem-destabilizing mutants shown in Fig. 2 (28, 29) will still be required to judge which structures are most abundant.
One unexpected aspect of the MMTV pseudoknot as drawn in Fig. 3 is the brevity of Li; at least 2 nucleotides may be required in Li to cross the deep groove in the helix created by base-paired RNA (21, 23, 28, 29) . However, the GNU base pair at the start of S2 is relatively unstable, so that the length of Li may normally be 2 nucleotides, not 1. In addition, as is most evident in the lower half of Fig. 3 , one unpaired residue separates the two helical components of the pseudoknot and might compromise stacking interactions. Structural investigations of the pseudoknot and mutations that alter the G-U pairs, the length of L1, or the A residue between the helical stems might help to resolve such issues.
The MMTV pseudoknot strongly influences frameshifting on the native shift site (Fig. 2) other retroviral genomes (Fig. 4) , but the function ofthe RNA structural element and the distance requirements between the site and the pseudoknot have not been resolved. We have previously argued that the RNA structure may promote frameshifting by causing ribosomes to pause at the shift site, thereby increasing the likelihood of simultaneous slippage into the -1 frame (5). A simple model of this type could also explain the role of a recently discovered RNA pseudoknot downstream of the site at which gag termination is suppressed during translation of murine leukemia virus RNA (34) . However, studies ofthe IBV frameshift site indicate that an extended simple stem-loop, equal in length to the two quasi-continuous helices in the pseudoknot, cannot replace the pseudoknot without loss of frameshifting efficiency (24) . This implies that the pseudoknot has special features, beyond its predicted stability as deduced from base pairing, that may account for its role in frameshifting and other kinds of translational regulation (23, (35) (36) (37) (38) (39) .
Our experiments show that the sequence of the shift site also influences the efficiency of retroviral frameshifting. As implied in the experiment shown in Fig. 5 , the tRNA available to decode the second codon in the shift site has an especially strong effect on fiameshift efficiency. The concentration of this tRNA, the existence of other tRNAs capable of decoding the same codon, and the ability of the relevant tRNA to slip in the -1 direction may all be determinants of tRNA "shiftiness." Z. Tsuchihashi and P. Brown (personal communication) have obtained direct evidence for the importance of third-position mispairing for the shiftiness of tRNAs reading the shift site ofEscherichia coli dnaX: introduction ofa tRNA that forms three rather than two base pairs with the final AAG codon in the shift site down regulates frameshifting. Such results suggest that efficient frameshifting on the MMTV shift site depends on an unstable interaction between AAC and the anticodon of tRNAASn, with its modified queosine base (32) , since changes of C to U, A, or G reduce frameshifting. The inefficiency of frameshifting on A AAA AAG in a mammalian translation system contrasts dramatically with the remarkably efficient shifting on that sequence in E. coli (17) (18) (19) (20) 40) , reflecting differences in tRNA species that have doubtless guided the evolution of shift sites.
